A highly purified teichoic acid preparation was used in an enzyme-linked immunosorbent assay to measure the specific immunoglobulin G (IgG) and IgM response in staphylococcal disease. Antibody determination in a normal population, showing a difference of up to 20-fold in the mean IgG titers between the youngest children and adults, was used to establish age-correlated upper normal values. IgM antibodies were found to be of little diagnostic value since their response was often low or absent. Increased IgG titers were found in 24 of 27 (89%) patients with endocarditis, in 11 of 14 (79%) with complicated septicemia, and in 10 of 20 (50%) with uncomplicated septicemia with serum samples drawn between days 7 and 30 of disease. With paired samples, the numbers of patients with increased IgG titers were 17 of 17, 3 of 4, and 6 of 7, respectively, in the same patient groups. Increased IgG titers were less often demonstrated in patients with chronic osteomyelitis (7 of 22). The enzyme-linked immunosorbent assay for teichoic acid antibodies was found to be a sensitive and specific method for diagnosing staphylococcal endocarditis and septicemia. For optimal results, both the substantial age-correlated variation in normal titers and the importance of adequately spaced samples should be considered.
A reliable serological test for staphylococcal infections is desirable for several clinical purposes: to diagnose staphylococcal septicemia or endocarditis in patients with negative blood cultures; to detect complications such as endocarditis; and to detect and follow deep staphylococcal infections, e.g., osteomyelitis.
The first test available for routine use was the anti-staphylolysin test, but its value has been considered limited because of its low sensitivity (5) . Antibodies against teichoic acid, a cell wall antigen of Staphylococcus auirelus, were first demonstrated by Martin et al. (8) and by Crowder and White (3) by gel immunodiffusion in patients with various staphylococcal infections, especially endocarditis. The original observations of these workers were confirmed and expanded in later work by several groups. Counterimmunoelectrophoresis was found to be more sensitive than immunodiffusion (6, 10, 14) .
The radioimmunoassay has been found still more sensitive than counterimmunoelectrophoresis for detecting teichoic acid antibodies (18 Non-staphylococcal infections (20 patients, 32 samples). Serum samples were obtained from 13 patients with septicemia and 7 with endocarditis of non-staphylococcal etiology. In the cases of septicemia, the etiologies were: Escherichia coli in seven, alpha-hemolytic streptococci in four, beta-hemolytic streptococci in four, Staphylococcus hominis in one. In the cases of endocarditis, alpha-hemolytic streptococci were responsible in six and beta-hemolytic streptococci in one.
Preparation of teichoic acid antigen. Teichoic acid was purified as described by Baddiley (9, 11) . A 1-liter, 5-h culture (casein hydrolysate-yeast extract medium) was centrifuged (9,000 x g) at 4°C, and the pelleted cells were suspended in 0.1 M phosphate buffer, pH 7.2. The bacteria were heated to 70°C for 10 min, washed, suspended in 50 ml of buffer, and disintegrated by shaking with glass beads for 30 min. After filtration and centrifugation at 750 x g for 30 min, the supernatant was centrifuged at 16,000 x g for 10 min. The pellet was washed twice in saline and suspended in 0.02 M phosphate buffer, pH 7.2. The suspension was incubated with chymotrypsin (100 p.g/ml; Sigma Chemical Co., St. Louis, Mo.) and DNase (20 ,ug/ml; Sigma) at 37°C for 120 min on a shaking table. The pellet obtained by centrifugation at 1,000 x g for 10 min was discarded, and the supernatant was recentrifuged at 20,000 x g for 20 min. This pellet was washed once in saline, once in phosphate buffer, and twice in water-saturated chloroform. The pellet thus obtained was lyophilized and extracted three times with 10% trichloroacetic acid for 72 h at 4°C. The solution was centrifuged at 10,000 x g for 10 min, and the teichoic acid was precipitated out of the supernatant by incubation with a fourfold volume of absolute ethanol at 0°C for 18 h. The precipitate was collected by centrifugation, suspended in distilled water, and lyophilized. This preparation yielded one strong line in crossed immunoelectrophoresis (17) against a high-titer human serum.
ELISA. The ELISA was done by the microplate modification (16) of the method of Engwall and Perlmann (4) . Polystyrene microplates (M129 B; Dynatech, Plochingen, West Germany) were coated by incubation overnight at room temperature with 100 jil of teichoic acid solution (1 ,ug/ml) in phosphate-buffered saline, pH 7.2. The plates were washed, and 100 ,ul of an appropriate patient serum dilution was added to each of two coated wells and two uncoated wells. The plates were then incubated for 1 h at room temperature for IgG antibody determination and for 2 h at 37°C for IgM determination. After washing the plates, 100 ,ul of alkaline phosphatase-conjugated antiserum against human IgG of IgM (Orion Diagnostica, Helsinki, Finland) was added, and the plates were incubated overnight at room temperature. After final washings, 100 ,ul of the substrate p-nitrophenylphosphate was added, and the plates were incubated at room temperature for 60 min. All washings of the plates were done three times with phosphate-buffered saline containing 0.05% (vol/vol) Tween 20. Reading was done automatically in a Titertek Multiskan (Flow Laboratories, Irvine, Scotland). Known positive and negative controls were included in each test series, and the results were corrected against these controls to minimize day-to-day variation.
RESULTS
Optimum conditions of the test. The antigen concentration necessary for coating the microplates, as determined by serial dilution of the antigen (Fig. 1) , was 1 ,ug/ml. After overnight incubation, the plates could be emptied, covered with Parafilm, and stored for 4 to 6 weeks at 4°C without loss of antibody-binding ability. Endpoint titrations of serum samples from patients and controls indicated a broad range of titers. A routine dilution of 10,000 was optimal in most cases for IgG antibody determinations. For a few patients, mostly children, the optimal dilution was found to be 1:1,000, and for some patients with exceptionally high levels of IgG antibodies, a serum dilution of 1:100,000 was needed. The optical densities of these dilutions as measured by absorbance at 405 nm (A405) correlated with the endpoint titers obtained by serial 3.16-fold dilution (correlation coefficient, 0.98) (Fig. 2) . These values (i.e., the A405 values times the dilution factors) are referred to hereafter as ELISA titers.
For IgM antibody determination, a serum dilution of 1:1,000 was optimal in most cases. Only in two cases was a 1:10,000 dilution necessary. A significant rise of titer was defined as a doubling of the titer found in the previous sample.
Antibodies against teichoic acid in a normal population. Antibody levels equal to those of adults were found in newborn infants. Antibody levels decreased rapidly to minimum levels at the age of 6 months to 1 year (Fig. 3) . These antibodies were presumably of maternal origin since the mothers had approximately the same antibody titers at delivery. Furthermore, in consecutive samples from five infants, a decrease was found during the first half-year of life. Thereafter, a continuous rise in titers was noted up to the age of 13 to 15 years, when adult levels were reached.
As the upper limit of normal values, the mean titer plus two standard deviations was used (Fig.  3) . However, because of the skew distribution of the normal values, in the larger group of young adults (13 to 45 years) a titer of 8,000 to 9,000 was used as a common upper limit, corresponding roughly to the 95th percentile. In all, 4% of the healthy controls exceeded these upper normal limits. In the older age groups, decreasing mean titers were noted.
The background level of IgM antibodies was also established. Various titers of low nonspecific IgM activity were found in all age groups. lower with the routine dilution of 1:10,000 used for adults. Owing to these low background activities, nonspecific binding was not subtracted from the ELISA titers.
Antibodies against teichoic acid in staphylococcal infections. (i) Endocarditis. The IgG and IgM titers in all serum samples available, irrespective of the time of sampling, are shown in Fig. 4 . The titer values were judged positive or negative according to the age-correlated limits described above. High IgG titers (>20,000) were markedly more common in the endocarditis group than for other staphylococcal infections. The highest titers were recorded in drug addicts with tricuspidal endocarditis. In four of these patients, the IgG antibody titer exceeded 100,000.
Positive IgM titers were less often found (in 11 of 64 serum samples), and the titers tended to be low. In 10 of these 11 samples, the IgG titers were also high.
The IgG antibody titers in relation to the time of sampling are illustrated in Fig. 5 . Significant rises in titers were found in five patients. In all these cases, the first sample was drawn before day 11 of disease. In serum samples drawn at an early stage of disease (<7 days), low titers were generally found. The highest titers were obtained in samples drawn 7 to 30 days after the onset of disease. The kinetics of antibody decrease could not be studied in detail owing to the limited number of late samples. Titer decreases were, however, noted after day 30 in the majority of patients from whom late follow-up samples were available.
The IgG antibody responses in patients with endocarditis are summarized in Table 1 tients with complicated septicemia are shown in Fig. 4 . Positive IgG titers were found in 13 out of 18 patients. The highest IgG titers were measured in the two drug addicts in this group. The other 11 patients with positive IgG titers were nonaddicts, and none had a titer exceeding 20,000. In patients with paired or multiple serum specimens, no significant rise in the IgG titer was found (Fig. 5 ). Of patients with samples drawn during the optimal sampling period (7 to 30 days), 11 of 14 (79%) showed positive IgG titers (Table 1) .
(iii) Uncomplicated septicemia. Out of 28 patients with uncomplicated septicemia, 12 had increased IgG titers. Significant rises in IgG titers were found in three patients (Fig. 5) . With samples drawn between days 7 and 30, 10 out of 20 patients (50%) had positive IgG titers (Table  1) . When paired samples were available, six of seven patients were positive.
(iv) Chronic osteomyelitis. Few patients (8 of 22) with this disease had positive IgG titers (Fig.  4 and Table 1 ). Increased IgM titers were not recorded (Fig. 4) .
In six of eight patients, positive IgG titers could be correlated with an active phase (relapse) of chronic osteomyelitis, although many relapses occurred without increases of antibody titers. Patients with an increased IgG titer had a higher degree of soft tissue engagement, e.g., fistulae and abscess formations.
(v) Furunculosis. With this disease, few positive IgG and no positive IgM titers were measured (Fig. 4 because of rheumatoid factor, known to appear during the course of many infectious diseases (12, 19) . Our study showed the need for careful population studies since large differences in mean titers were observed between children of different age groups and adults (Fig. 3) . Consequently, separate cutoff levels must be established for different age groups. Also, the time of sampling was found to be critical for the evaluation of antibody response in patients. Repeated sampling with at least one early sample (<14 days after the onset of disease) and at least one late sample (14 to 30 days) improved the diagnostic value of the test considerably (Table 1) .
Earlier reports (14, 18) have suggested that the antibody response to teichoic acid might discriminate between patients with endocarditis or complicated septicemia and those with uncomplicated diseases. However, our data do not support this finding (Fig. 4) . The difference might result from the patient material investigated since all patients with titers above 20,000 without endocarditis were drug addicts. In the endocarditis group, the highest titers were found in patients with tricuspid valve involvement, but all these patients were also drug addicts. Thus, our data support the observation of Mackowiak et al. (7) that narcotic drug abusers seem to develop high titers early in the course of staphylococcal septicemia, irrespective of complications. This difference in antibody response can well be explained by earlier repeated S. aureus infections known to occur in drug abusers. Different antibody responses in the drug addicts, who constituted a large proportion of the patients in this study, can also well explain the small difference in titers between patients with complicated and those with uncomplicated septicemia in our study group as compared with earlier reports (18) .
Our results for patients with chronic osteomyelitis are in accord with earlier findings that increased teichoic acid titers are seldom found in this category of patients (7, 13) . Increased titers were mostly found in patients with more widespread relapses involving soft tissue engagement. In a sequestered infection, the amount of teichoic acid may not be high enough to give rise to a substantial antibody response.
In conclusion, the ELISA was found to be a sensitive and specific method for the detection of antibodies against staphylococcal teichoic acid. With the establishment of age-correlated normal control values, and especially with adequately spaced samples, the assay can be a useful diagnostic tool for patients with suspected septicemia with endocarditis of staphylococcal origin. For the diagnosis of chronic sequestered infections, other antigens like exotoxins used in the ELISA may be of greater diagnostic value.
